We measure fast carrier decay rates (6 ps) in GaAs photonic crystal cavities with resonances near the GaAs bandgap energy at room temperature using a pump-probe measurement. Carriers generated via photoexcitation using an above-band femtosecond pulse cause a substantial blue-shift in the cavity peak. The experimental results are compared to theoretical models based on free carrier effects near the GaAs band edge. The probe transmission is modified for an estimated above-band pump energy of 4.2 fJ absorbed in the GaAs slab.
Fast carrier dynamics in GaAs photonic crystals near the material band edge at room temperature We measure fast carrier decay rates (6 ps) in GaAs photonic crystal cavities with resonances near the GaAs bandgap energy at room temperature using a pump-probe measurement. Carriers generated via photoexcitation using an above-band femtosecond pulse cause a substantial blue-shift in the cavity peak. The experimental results are compared to theoretical models based on free carrier effects near the GaAs band edge. The probe transmission is modified for an estimated above-band pump energy of 4.2 fJ absorbed in the GaAs slab.
Nonlinear optical elements are considered to be key components in future optical communication networks 1 . Such networks will require fast, low-power nonlinear optical devices on a robust, scalable platform, and may eventually enable data processing entirely in the optical domain. Optical switching has been demonstrated at attojoule levels using single atomic systems as the nonlinear medium for applications in both classical and quantum information processing, but these systems are usually not viable for large-scale processing 2, 3 . A more scalable approach is to use bulk nonlinearities involving free carriers, but enhanced substantially by using photonic cavities that support strong field intensities in small volumes [4] [5] [6] [7] [8] [9] . These devices offer the benefit of small footprints and may allow large scale integration for applications in optical communication, memory and logic. III-V materials are particularly interesting for many of these applications because sources, detectors and modulators can be engineered on the same material platform. The demonstration of a III-V material all-optical switch that nominally operates below femtojoule energy levels and achieves a high operational speed of 40 Gbps due to fast free carrier recombination has been particularly promising in this respect 5 . Studying the dynamics of nonlinear processes in single photonic cavities is the first step in the development of advanced photonic circuits. In this study, we investigate free-carrier dynamics in a gallium arsenide (GaAs) photonic crystal cavity that confines light in a small volume (V ≈ (λ/n) 3 , where λ is the wavelength and n is the refractive index of the medium), and supports a high quality factor optical mode (Q = 3600). GaAs cavities are chosen to operate near the direct bandgap energy at 1.42 eV (cavity resonance λ 0 > 870 nm). At photon energies near the band gap, one expects enhanced optical response per injected carrier (dn/dN) than at energies well below the band gap 10 . In contrast to previous experiments that use a single laser excitation and quantum dot photoluminescence to observe free carrier dynamics 11 , all experiments here are performed without the use of any active materials so that free carrier effects may be una) ranojoy.bose@hp.com ambiguously observed. All experiments are performed at room temperature.
The devices used in this work are fabricated on a GaAs wafer that is epitaxially grown by IQE. Two-dimensional photonic crystals are designed for room-temperature operation in the 890-910 nm wavelength range. Photonic crystals are defined using electron beam lithography followed by dry etching. The final devices are formed by undercutting a sacrificial layer of aluminum gallium arsenide (Al 0.8 Ga 0.2 As) underneath the 110-nm GaAs layer, forming a free-standing membrane. A linear defect (three missing air holes) is located at the center of the photonic crystal as shown in Fig. 1a 12 , allowing for a confined, high-quality resonator mode. The device parameters are as follows: lattice period a = 240 nm, radius r = 70 nm and thickness t = 110 nm. Measurements are performed at room temperature and atmospheric pressure. The devices are first characterized by their low-power spectra using cross-polarized detection. A low-power 6 µW tunable laser (New Focus Velocity) is focused vertically on the sample using a 63× objective lens (1.4 µm 2 laser spot size), and the reflected laser signal is recorded using a spectrometer. In this scheme, the cavity spectrum appears as a peak in the reflected laser spectrum. The cavity spectrum is shown in fig. 1b eV) and a fitted Q of 3600 (cavity decay rate γ/(2π)=92.5 GHz). The cavity lifetime is given by τ = 1/γ = 1.7 ps.
In order to study nonlinear dynamics in the photonic cavity, carriers are generated in the cavity region using a Ti:saph laser at a pump wavelength of 796 nm, with a pulse duration of approximately 200 fs and a repetition rate of 75 MHz. The average above-band pump power is 16 µW after the objective lens. The pump laser is synchronized to a spectrally resolved Hamamatsu streak camera system, with a measured time resolution of 3.4 ps. The photo-generated carriers cause a change in the refractive index in the cavity region, resulting in a blueshift of the cavity. This shift can be monitored by scanning the continuous wave tunable laser at low powers (probe laser) through the spectral region of the cavity. Individual time-resolved spectra corresponding to different wavelengths of the tunable laser are shown in fig.  2a . The data show that when the probe laser is blueshifted from the cavity resonance, the arrival of the pump laser results in a peak due to the shift of the cavity that brings it on resonance with the probe laser. On the other hand, when the probe laser is red-shifted from the cavity resonance, the reflected signal shows a pronounced dip due to the cavity blue-shift. In fig. 2b , we show a heat plot where the reflected tunable laser intensity (incident power 6 µW) is shown as a function of tunable laser wavelength and delay between pump and probe. The probe laser is scanned between wavelengths of 902 nm and 904 nm in increments of 0.02 nm, and at each laser wavelength, the laser signal is integrated for two seconds on the streak camera. The pump-probe measurement simultaneously offers high spectral and temporal resolution. The pump laser arrival time at 22 ps can be directly observed on the streak camera at the pump laser wavelength. The figure shows that after the pump arrival (Delay ∆t > 22 ps), the cavity is considerably blue-shifted, and recovers over a timespan of several tens of ps.
In fig. 2c , we plot the cavity maximum as a function of the delay between pump and probe, by fitting the instantaneous cavity spectra using Lorentzians. The plot shows a total shift of 0.75 nm for the cavity resonance, corresponding to ∆λ = 3∆λ 0 , and a 13 dB on/off ratio. Fitting the cavity decay rate to a single exponential gives a recovery time of 6 ps.
We can estimate the photogenerated carrier concentration N exp in our device by using the simple formula
where P is the pump laser average power measured after the objective lens, η = 0.14 is the fraction of incident light that is absorbed in the GaAs photonic crystal slab computed using finite difference time domain simulations, R L is the repetition rate of the laser, is the reduced Plancks constant, ω pump is the pump frequency, A eff = 1.15 µm 2 is the effective mode area, computed using a Gaussian laser spot profile and accounting for the fact that carriers are not generated in the hole regions of the photonic crystal, and L = 110 nm is the thickness of the GaAs slab. Using the above equation we estimate N exp = 1.1 × 10 18 cm −3 . From the carrier concentration, we can derive an experimental value of dn/dN = −(∆λ) × n g /(λN exp ) = 2.86 × 10 −21 cm 3 , where n g = 3.68 is the group index of light in the GaAs photonic crystal.
The observed dynamics can be simulated by using dynamic coupled mode equations for the cavity field amplitude a(t) and carrier density N (t), given by
where κ is the coupling rate between the external optical input s(t) and the cavity mode a, τ c is the free-carrier lifetime, and J(t) describes the optical carrier injection (200 fs Gaussian pulse), ω 0 is the cavity resonant frequency and ω is the probe laser frequency. The total cavity loss rate γ incorporates scattering, absorption, and can incorporate free-carrier absorption via a carrier dependence. We assume a linear change in refractive index with carrier density (dn/dN ) which is shown to be valid for carrier densities below 10 20 cm −3 10 . These simplified equations neglect carrier generation via probe absorption, which is not expected to be a significant. Fig. 2d plots simulated cavity spectra as a function of pump-probe delay and probe wavelength, based on the experimentally derived nonlinear parameters and carrier relaxation time. A comparison between the simulations and experimental data show that the system is described well by the coupled mode equations presented above.
The experimental observations are compared to theoretically predicted models for free carrier dynamics near the GaAs bandgap energy. In experiments, we observe only blue shifts in the cavity resonance regardless of pump power. Because of this, we only include bandfilling dispersion (BFD) and plasma dispersion effects in our theoretical model, and ignore bandgap renormalization because it predicts a red-shifting nonlinearity for some pump powers. The theoretical treatment follows ref.
[ 10 ] using material parameters for GaAs under the same physical assumptions. In the case of bandfilling dispersion, the change in refractive index is computed from the theoretical change in the absorption coefficient using Kramers Kronig formalism. In the case of plasma dispersion, the Drude model is used. Following this model, we compute theoretical values of N = 2.2 × 10 17 cm −3 and dn/dN = 1.4 × 10 −20 cm 3 at the probe laser wavelength (∼0.96E g ).
We note that the theory predicts free-carrier concentrations that are lower than experimental observations by a factor of 5. The origin of this discrepancy cannot be known for certain based on our experiments, but one possible explanation is that when carriers are pumped above the GaAs bandgap, some carriers relax to the lowest available conduction and valence band states via rapid thermalization, causing band-edge nonlinearities, while other carriers recombine at surfaces or via other trap states and are lost. We did not observe any difference in the measured carrier lifetime by changing the laser spot area between 1 and 20 µm 2 , and conclude that the measured lifetime is not influenced by the rate of carrier diffusion in the GaAs photonic crystal.
We finally present experimental results for different powers of the pump laser. Fig. 3a shows temporal scans of the tunable probe laser when fixed at the cavity resonance wavelength with increasing powers of the aboveband pump laser. At a low excitation power, the probe laser is mostly reflected, however with increasing pump pulse energy between 15 and 230 fJ measured after the objective lens, the probe laser shows a pronounced dip when the pump laser arrives due to a blue-shift of the cav- ity resonance. These experiments are performed on a separate but similar device (Q = 1000, λ 0 = 902.9 nm, ∆λ = 1.6 nm). A heat plot of the probe laser reflectivity with pump-probe delay at 400 fJ incident pump pulse energy is shown in the inset to figure 3b. We define a normalized transmission parameter β based on the maximum and minimum values of the reflected probe laser signal as
where R max and R min are the reflected laser signal at the original cavity resonance for incident pump pulse energies of 300 fJ and 1.6 fJ, respectively, and R is the reflected laser signal at pulse energy E p . In fig. 3b , we plot β as a function of the pump pulse energy. Based on these values, we estimate that a value of β = 0.3 is achieved for incident pulse energy of 30 fJ (2 × 10 4 absorbed photons, corresponding to 4.2 fJ absorbed pump energy), and β = 0.1 is achieved for incident pulse energy of 100 fJ.
In conclusion, we have demonstrated low-power nonlinear carrier dynamics in a nanoscale GaAs photonic crystal cavity. We measure a blue-shifting nonlinear effect with a measured lifetime of 6 ps. We observe a shift in the cavity resonance of 3 times the cavity linewidth by using 213 fJ of incident pump energy. This corresponds to a photo-injected carrier concentration of 1×10 18 cm −3 . The probe transmission is modified for ultra-low pump energy of 4.2 fJ, when low absorption in the GaAs slab is taken into account. Our experiments are consistent with free-carrier models based on bandfilling dispersion and the plasma dispersion effect near the material band-edge, when carrier losses are included. In separate measurements, we have achieved absorption-limited Qs exceeding 10 4 at the wavelength of interest. The observed nonlinear dynamics can be used to demonstrate a low power optical switch by using a below-band pump laser at or near the cavity resonance. Eventually, many of these single nonlinear devices may be connected via integrated optics in advanced optical circuits 13 .
